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ABSTRACT
In complex tropical forest frontier landscapes, ecosystem service (ES) 
models are essential tools to test impacts of different land schemes on 
people. Considering several factors of supply, demand and flow and 
focusing on local stakeholders, we developed nine ES models using 
Bayesian networks and applied them in different land scenarios in 
Myanmar’s Tanintharyi Region. We found land use and tenure as well as 
demand for specific products to be the key factors determining final ES 
outcomes. While forested lands have high regulating and overall balanced 
ES bundles, mixed agricultural lands provide subsistence and commercial 
products as well as better environmental education opportunities. By 
contrast, commercial agricultural concessions strongly limit ES outcomes 
for local communities. As our models reveal more distinct impacts of land 
policy scenarios in a homogeneous setting, where demand is better 
accounted for, we recommend their use for spatially explicit analyses of 
forest frontier landscapes.
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Introduction
Nature, as part of both natural and anthropogenic landscapes, contributes to people’s lives in various 
forms. The impacts of its changing use are particularly evident in tropical forest frontiers, where 
remaining forests face pressure from agricultural development. While intact forest landscapes 
provide a disproportionately high amount of ecosystem functions including carbon sequestration 
and water regulation (Potapov et al., 2017), commercial agriculture increases income in areas with 
good market access, and multifunctional land uses enhance livelihoods and adaptive capacity of rural 
communities (van Vliet et al., 2012). In a multifunctional tropical forest landscape, mixed policies 
supporting both land sparing and land sharing were suggested as most effective for achieving 
multiple ecosystem services (Law et al., 2017). However, as valuation of and comparison between 
these services remain challenging, they are often neglected in policymaking (Pandeya et al., 2016).
In this context, the conceptualization of ecosystem services (ES) has gained attention in research 
and policy (MEA, 2005). The ES framework describes how ecological structures and processes lead to 
benefits and values for human well-being (Groot et al., 2002). ES supply thus refers to the goods and 
services provided by a landscape, whereas ES demand refers to people’s use and perceived value 
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thereof. Services can be supplied both by natural ecosystems or man-made landscapes (Potschin et al., 
2016) and therefore both must be considered. Demand is defined as ‘the amount of a service required 
or desired by society’ (Villamagna et al., 2013). In addition, ES flows determine whether services can be 
accessed and thus used by society. Flows can be seen as the spatial movements of ecosystem-derived 
materials and other services from a providing to a benefiting area or actor (Schröter et al., 2018), leading 
to actual service production and use (Schirpke et al., 2019; Vallecillo et al., 2019; Villamagna et al., 2013). 
In this study, ES flows are understood as people’s access to services based on various enabling 
conditions including biophysical, spatial, social and political factors.
Modelling approaches to ES emerged around ten years ago but face several challenges, including high 
complexity and poor measurability (Landuyt et al., 2013). While most ES assessments use one indicator for 
each service, modelling approaches usually contain a variety of factors and indicators. ES research has 
strongly benefited from emerging frameworks at landscape scale such as the Integrated Valuation of 
Ecosystem Services and Tradeoffs (InVEST) (Sharp et al., 2020) or the Artificial Intelligence for Ecosystem 
Services (ARIES) (Villa et al., 2014), which aim to standardize assessments. While InVEST uses biophysical 
data and provides output maps in biophysical or economic terms, ARIES uses several underlying process 
models to produce benefit flow maps showing sources and beneficiaries of ES. Even though both 
frameworks are valuable for standardized land use planning, disadvantages include the pre-determined 
services with few cultural services included, moderate transparency, weaknesses in incorporating spatial 
demand and limited overall ability to account for qualitative data (Bagstad et al., 2013; Sharps et al., 2017; 
Vigerstol & Aukema, 2011). A promising approach to ES modelling is the use of Bayesian networks (BN) 
with underlying conditional probabilities as described by Aguilera et al. (2011). A key feature is that they 
operate with probabilities, which is expedient especially for models where results are expressed in values. 
A further advantage is the possibility of integrating different types of knowledge sources such as 
biophysical data, expert and local knowledge and earth observation data, particularly in data-scarce 
regions. BN have thus become a popular technique to model ES and predict supply within a landscape 
(Burkhard & Maes, 2017). With regard to indicators, different BN studies used water availability, farming 
practices (Dang et al., 2019), land cover (McVittie et al., 2015) or topography (Grêt-Regamey et al., 2013) for 
supply; presence of people (Stritih et al., 2018), rural population (Kleemann et al., 2018) or available 
substitutes (McVittie et al., 2015) for demand; and distance to road (Grêt-Regamey et al., 2013) or 
government permissions (Smith et al., 2018) for flow. But, until now, most models have remained limited 
either in terms of scale (small study area or focus on one ecosystem), ES types (provisioning, regulating, 
cultural), dimensions for ES outcomes (supply, demand, flow) or number of indicators thereof, due to the 
complexity of socio-ecological systems as well as limited data availability (Schirpke et al., 2019). 
Nevertheless, developing complex models with several input factors influencing ES supply, demand 
and flow are necessary for examining underlying mechanisms. Subsequently, demonstrating potential 
model applications to identify options for enhanced ES bundles in a landscape is just as important in view 
of policy development.
The identification of key factors that have a positive leverage effect on multiple ES is particularly 
important in forest frontier contexts with competing claims on land and its products and services. In 
Myanmar’s Tanintharyi Region, cropland expansion into primary and secondary forests is driven by private 
rubber plantations and oil palm concessions (de Alban et al., 2019; Zaehringer et al., 2020), which often 
conflict with traditional land rights or the boundaries of the permanent forest estate (Woods, 2016). Only 
few people benefit commercially from such agricultural expansion. Furthermore, conservation efforts in 
the same region aim to maintain biodiversity and other globally important ES (Pollard et al., 2014). As 
shown by Feurer et al. (2019), because of these land use changes in Tanintharyi, landless people and 
smallholders have lost access to locally important products and services and gained only few economic 
opportunities. Impacts were especially negative where these land use changes were connected to tenure 
insecurities and disputes limiting their access to land and corresponding ES. Nevertheless, people were 
often able to adapt to diminishing ES supplies by substituting certain products, lowering their demand for 
a certain service and reducing their dependence on nature. These dynamics underline the necessity of 
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analysing multiple factors to predict ES outcomes and identify promising scenarios for local communities 
to benefit from natural and human-made landscapes, both at local and at regional scale.
The present study addresses these issues by developing comprehensive models for supply, 
demand and flow of nine ES in Tanintharyi Region. We identified key factors with a leverage effect 
in forest frontier landscapes and tested them in scenarios at a regional scale (Tanintharyi Region) 
with a highly heterogeneous landscape and at a local scale with a homogenous forest landscape. The 
study was guided by the following research questions:
(1) What are the key factors that influence the supply, demand and flow of nine ES?
(2) Based on the models, what are the ES outcomes for local stakeholders across Tanintharyi Region?
(3) How do the ES outcomes change according to agricultural and forest-based scenarios at 
regional and at local scale?
To conclude, we discuss the potential of the developed models to inform policymakers of 
optimized ES outcomes considering supply, demand and flow at different spatial scales.
Materials and methods
Study area
Tanintharyi Region in southern Myanmar is a long stretch of land located between the Andaman Sea and 
Thailand (Figure 1). It extends over a total area of approximately 4.3 million ha and is a forest frontier 
landscape including intact dipterocarp forests with high biodiversity value in remote hilly areas, degraded 
primary and secondary forests, and an increasing number of agricultural plantations in the more 
populated areas (Bhagwat et al., 2017). Some of the forest lands are used for shifting cultivation by local 
communities, whereas others are protected areas. The predominant perennial crops are rubber, betel nut 
and cashew. In addition, almost 800 000 ha of oil palm concessions have been allocated to companies in 
the past 20 years (Woods, 2016). A second important landscape context in Tanintharyi is the coastal stretch 
including archipelagos in the Andaman Sea. This area is mostly covered with mangroves and people’s 
main livelihood is related to fishery. Between the two landscapes there is a stretch of flat land mainly used 
for paddy rice production.
Spatial zoning is an important regulating element in terms of land use and land tenure in Myanmar. 
Zoning broadly distinguishes between areas under the responsibility of either the General Administration 
Department (GAD) or the Forestry Department (FD). Under both departments, there are several land uses 
and tenure systems. In Tanintharyi, spatially explicit data are available for the following zones: (forest) 
protected areas, community forests (CF), oil palm concessions, mining concessions and the special 
economic zone (SEZ), which is reserved for infrastructure development and a planned deep sea port. 
The remaining area is under the control of either the FD or the GAD. If under the FD, it can be managed 
forest (permanent forest estate) or agricultural land where farmers pay annual taxes to the FD. If under 
GAD regulations, it can be settlements or croplands, which are either under customary land tenure or 
registered with land use certificates. Tanintharyi has three urban centres and a total population of 1.4 
million people (DOP, 2014), with most of the villages concentrated along the main road. The forested hills 
near the Thai border are only sparsely populated.
Major challenges for sustainable development in Tanintharyi Region are posed by the different claims 
on natural resources from various actors. While private investors and companies are engaged in timber 
exploitation, large-scale agricultural plantations, mining or aquaculture, local communities use the land 
for planting perennial crops, vegetable gardens or rice. On agricultural land, the number of smallholder 
land use certificates has strongly increased in recent years (Lundsgaard-Hansen et al., 2018). In some forest 
areas, including mangroves, CF have been established to give formal user rights to communities for 
30 years (Feurer et al., 2019). These contrasting developments influence the provision of ES and rural 
communities’ access to them. At the same time, infrastructure improvements after the civil war have 
increased job opportunities, facilitated market development and improved access to imported foods, 
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Figure 1. Overview of the study area and land use (Connette et al., 2016) in Tanintharyi Region, Myanmar, in 2016.
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modern medicine and other goods, thus reducing people’s dependence on nature and changing their 
demand for ES.
Theoretical framework
This study used a framework touching on different prevalent concepts in ES research. It is based on 
the common notion that ES are only achieved when (i) there is a potential ‘supply’ from the 
ecosystem or land use and its underlying processes and functions, and (ii) there is a ‘demand’ and 
people benefit directly or indirectly (Burkhard & Maes, 2017; Groot et al., 2010; Mouchet et al., 2014). 
Taking into account the difference between potential and actual supply and demand, we added 
‘flow’ as a precondition for final outcome (Schirpke et al., 2019; Schröter et al., 2018; Villa et al., 2014; 
Villamagna et al., 2013). We use the term ‘outcome’ similarly to ‘ES benefit’ in Villa et al. (2014) and 
analogous to other studies (Dade et al., 2019; Mace et al., 2012; Olander et al., 2018) to describe final 
ES that are not only potentially provided (supply) but also enabled (flow), desired and used 
(demand). We thus assume that for assessing final ES outcomes, models need to include three 
aspects: ES supply, ES demand, and ES flow (Figure 2). In this study, all ES models followed this 
principle. On the supply side, our starting point was land use under consideration of local manage-
ment practices. Our focus was specifically on local stakeholders.
ES classification and selection
Aiming to cover all ES types (provisioning, regulating, cultural), we selected ES based on classes from 
the Common International Classification of Ecosystem Services (CICES) (Haines-Young & Potschin, 
2018), adapting them to the local context. Selection was done in several steps including a literature 
review and focus group discussions with local land users in three villages in northern Tanintharyi that 
together cover all relevant land uses, zones as well as three ethnic groups (Burmese, Karen, Mon). 
Finally, we chose nine ES (Table 1) according to the following criteria (in this order): link to dominant 
land uses, relevance for rural communities (based on a ranking exercise in three villages with 20 
community members each), suitability (including secondary data availability) for modelling, and 
relevance for policymakers (literature-based). In this study, biodiversity – sometimes conceptualized 
as underpinning other services, as conflicting with them or as a service itself (Mace et al., 2012; 
Schröter et al., 2016) – was considered a regulating service and defined accordingly (Table 1).
Figure 2. Theoretical framework and basic structure for ecosystem service (ES) model development; diagram produced using 
Netica (version 6.05).
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Bayesian (belief) networks and software
Bayesian (belief) networks (BN) as probabilistic models based on causal dependencies (Kjærulff & 
Madsen, 2008) were chosen for their ability to include different knowledge types and demand factors 
in data-scarce regions (Burkhard & Maes, 2017). This seemed relevant as we focus on locally relevant 
ES. Our BNs include root nodes (input variables without parent nodes), several levels of intermediary 
nodes (structuring the BN) and end nodes (output variables). All nodes possess discrete states 
(possible values) and are linked to other nodes with arrows showing causalities. A child node has 
causal dependency on its parent node(s). Relationships are defined by conditional probability tables 
(CPTs). ES models in this study were implemented using the commercial software Netica (version 
6.05) for constructing and analysing BNs.
Model development
We developed nine ES models following an iterative process using several steps (Pollino et al., 2007) 
in three main phases: (a) defining model structures with nodes and states, (b) populating and 
parameterizing CPTs, (c) validating final models. An overview of these phases in model development 
is given in the next three paragraphs. Appendix I describes all steps in detail.
For each model, the first step was to develop the structure, including root, intermediary and end 
nodes as structuring elements and following the theoretical framework (Figure 2) using the Delphi- 
method (Okoli & Pawlowski, 2004). We first did a literature review and subsequent individual inter-
views with 15 experts from various institutions (including non-governmental organizations, civil 
society organizations, research institutions and governmental bodies) active in the study area. After 
findings were consolidated into draft structures, a set of discrete states was defined for each node 
based on recognized classifications or combined information from literature and expert interviews. 
In the end, all nodes and states were verified through follow-up interviews discussing the printed 
model structures with the above-mentioned experts and village representatives (final model struc-
tures in Appendix II, Figures A2–A10).
After finalizing the structure, we parameterized each model by populating and calibrating the 
CPTs differently according to the type of node using both secondary data (GIS layers, census data, 
literature review) and primary data (interviews, survey, field observations). Specifically, we used 
spatial data for the root nodes and population census data for twenty nodes connected to the 
‘township’ root node. For intermediary nodes, we elicited rules (Appendix III, Table A2) based on 
triangulated data from field observations during a total of three months between 2017 and 2020, the 
15 expert interviews taking place over three weeks in 2019, as well as reflections stemming from a 
Table 1. List of nine selected ecosystem services and description.
Ecosystem service Description




All products from nature used for income generation (including timber, non-wood forest 
products, cash crops, meat and fish)
Fuelwood All plant parts which are used for cooking fuel, either as fuelwood or as charcoal
Medicinal plants All wild plants with known medicinal properties
Regulating Biodiversity The diversity of animals, plant species and varieties including agrobiodiversity, related 
products and pollination services
Climate 
regulation
Regulation of microclimate and global climate including carbon sequestration
Water regulation Regulation of water flow including associated services such as clean water supply
Cultural Environmental 
education
The contribution of nature to education, environmental and agricultural knowledge 
generation and exchange
Cultural identity The contribution of nature to cultural identity, including cultural products supplied by 
different land uses
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comprehensive literature review. Thirteen nodes were subjected to a household survey (n = 40) 
using a standardized questionnaire (Appendix IV), asking, e.g., ‘Do you trust in herbal medicine?’ The 
distribution of responses (e.g., 93% ‘yes’, 7% ‘no’) was set as conditional probability for the respective 
node. For the nine continuous end nodes (‘ES outcome’) discretized into five states, we elicited rule- 
based CPTs under consideration of existing ES concepts (Groot et al., 2002; Schirpke et al., 2019; 
Villamagna et al., 2013) and a standardized survey with 12 additional experts using values of supply, 
demand and flow of ES. These experts had a scientific background and were familiar with ES and 
natural resource use in the Southeast Asian context. Resulting from this, the final ‘outcome’ was 
defined as the average score of its parent nodes ‘supply’, ‘demand’ and ‘flow’, with uncertainties 
accounted for through additional probabilities within the range of the minimum and maximum 
values of each of parent node.
Finally, we administered two validation approaches. As suggested and described by Kleemann et 
al. (2018), we applied first an extreme-condition test to confirm the operational validity of each 
parameterized model checking model outputs given most extreme inputs. Secondly, we conducted 
a face validity test with the 12 scientific experts. Based on a standardized survey including illustra-
tions of the model structures, the experts had to rate the conditional score for supply, demand and 
flow of each ES based on the direct parent nodes or, where needed for contextual reasons, the parent 
nodes to those. On average, expert ratings were 5.2% lower than model values across all ES 
(Appendix V). The highest differences were found for medicinal plants (−14.7%), climate (−11%) 
and water regulation (−10.4%). Generally, experts gave lower values for supply (−8.8%) and demand 
(−8.7) and slightly higher values for flow (+1.9%).
Sensitivity analysis for ES indicators
After model development and evaluation, we did a second sensitivity analysis using the Sensitivity to 
Findings function in Netica for the ‘ES outcome’ node for the nine parameterized models. For each 
model, the nodes were then ranked from highest to lowest mutual information (MI). We considered 
all nodes with MI > 0.01 under the supply, demand and flow paths, subsequently identifying the key 
factors with MI ≥ 0.1, to answer the first research question.
ES outcomes
Nine ES outcomes predicted on a discrete scale from 1 (no outcome) to 5 (very high outcome), were 
computed in Netica with the most recent geodata available for Tanintharyi Region for the root nodes 
(Appendix VI, Table A4), (a) using the actual distribution of land uses in 2016 across the region as soft 
evidence (50% intact forest, 28% secondary forest, 6% mangrove, 2% mixed plantation, 2% rubber, 
3% oil palm, 4% paddy, 5% other) and (b) using hard evidence for each individual land use. In 
addition to the resulting probability distributions, weighted averages were calculated and used as ES 
outcome scores.
Regional and local scenarios
Two regional and three local scenarios were constructed and applied in Netica, based on hypothe-
tical but likely scenarios according to common developments in forest frontier landscapes. The 
regional scenarios were established by the authors, based on triangulated information from litera-
ture, field observations and the 15 regional expert interviews, while the local scenarios correspond to 
actual developments experienced and documented in three focus groups in northern Tanintharyi on 
land use changes in the past 20 years. These scenarios are representative of similar developments 
across Tanintharyi at the forest frontier (Bhagwat et al., 2017). At regional scale, the baseline (R0) was 
the most recent spatially explicit land use data for Tanintharyi Region (Connette et al., 2016). Two 
hypothetical scenarios were decided on based on most likely developments according to experts 
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and our own field observations: agricultural expansion and intensification (R1) and forest conserva-
tion and restoration (R2). R1 includes more agricultural areas (particularly rubber) and concession 
land. R2 includes the restoration of degraded secondary forests and conservation in increasing 
numbers of protected areas and community forests. At local scale, the baseline (L0) consisted of 
an exemplary rural forest landscape without formal land tenure and low population density. The 
three scenarios defined by previous land use changes in northern Tanintharyi were community 
forestry (L1), expansion of small-scale agriculture (L2), and conversion to an oil palm concession (L3). 
Table 2 gives an overview of all scenarios and specific model updates giving soft evidence for land 
use and zoning.
Results
Key factors for ES outcomes
Our nine ES models include up to 30 factors (nodes) each. The relevance of each node, represented 
through its mutual information (MI) with the respective ES outcome, is depicted in Table 3 for the 
Table 3. Main nodes and their relevance for the outcomes of nine ecosystem services based on mutual information (sensitivity 
analysis carried out in Netica, MI = mutual information).
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most important nodes (MI > 0.01). Comparing the respective contributions of supply, demand and 
flow to ES outcomes across nine models, we found supply overall to be the most important 
(mean = 0.30), closely followed by demand (mean = 0.26). Specifically, supply is particularly defining 
for the outcome of subsistence foods, fuelwood, climate, water and environmental education, which 
varies widely in different areas of Tanintharyi. In contrast, demand highly influences the outcome of 
cultural identity, commercial products and medicinal plants, most of which are found on many land 
use types but used only selectively. The influence of flow factors is highest for medicinal plants, as 
knowledge is a crucial requirement for using them. Overall, flow has comparably low MI 
(mean = 0.12), which can be partly explained by the lower number of states (three) as against supply 
and flow (five).
Considering key factors, land use stands out as the single most important node. It is represented 
in all models and is particularly relevant (MI ≥ 0.1) for subsistence crops, commercial products, 
fuelwood, biodiversity, climate and cultural identity (Table 3). In addition, several other factors are 
directly linked to land use. The vital role of land use for ES outcomes is not surprising, given that it 
represents the natural and human-made ecosystem and its functions. In terms of demand, there is no 
single key factor, but some patterns emerge. One key node pattern reflects actual use of specific 
products (e.g., consumption frequency of subsistence foods or use of cultural products). Other 
patterns, such as the availability of alternatives (e.g., imported food, alternative cooking stoves, 
modern medicine) or intrinsic values have lower impacts on outcomes. In terms of flow, physical 
access appears to have slightly more influence on outcomes than institutional access for subsistence 
foods and fuelwood, though institutional factors are also relevant (MI > 0.01) for commercial 
products, fuelwood, water regulation and cultural identity. This is rather surprising, as zoning and 
corresponding rules and regulations have been reported by local communities as highly affecting 
their livelihoods and well-being. It can be assumed that, due to a combination of weak law 
enforcement and high uncertainties related to land tenure, the models do not sufficiently account 
for this. Thus, rural communities have access to land and its products but only informally. As this 
might change in the future, zoning should still be considered an important factor for ES outcome.
ES outcomes for Tanintharyi region and individual land uses
Currently, the most probable outcomes for all nine services are between low and high levels 
(Figure 3). We found the highest outcome scores for water regulation (3.6) and biodiversity (3.5). 
The lowest outcome by far is for commercial products (2.3). No clear pattern appears between 
provisioning, regulating and cultural ES types. When comparing individual land uses, two clusters 
can be distinguished. The first cluster includes forest-related land uses (intact forest, secondary 
forest, mangrove) and smallholders’ mixed plantations, which are extensively managed and often 
quite diverse. This cluster provides a broad and well-balanced set of ES with most at medium to 
high levels but some deficiencies in commercial and educational services. Mangroves are an 
exception with fisheries contributing greatly to commercial outcomes and frequent mangrove 
conservation trainings enhancing environmental education, leading to an overall balanced ES 
bundle. The second cluster involves intensively managed agricultural land uses (rubber, oil palm, 
paddy) with more heterogeneous ES outcomes. Both rubber and oil palm plantations have limited 
cultural value and provide few subsistence foods. On the other hand, they offer opportunities for 
agricultural training from companies aiming for high-quality products and from NGOs aiming to 
enhance rural livelihoods. Since perennial crops dominate agricultural lands, these still provide 
relatively high levels of regulating services such as climate regulation and biodiversity, especially 
where farmers manage them extensively and with few chemical inputs. In comparison, paddy 
fields provide very low levels of regulating services but are important for subsistence and cultural 
identity, as rice is both a staple food and a product donated in religious ceremonies. Considering 
that for commercial products demand is highly relevant for outcome, agricultural land uses are 
expected to be more important in highly populated areas of Tanintharyi.
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The underlying probability distributions (Figure 3) provide an indication of the extent to which 
individual ES can be influenced within a certain land use. For example, if good agricultural practices 
are promoted for rubber, it will be possible to achieve high regulating ES as there are high 
probabilities of scoring 4. However, there will still be a limited supply of subsistence foods, which 
has zero probability of a score higher than 3 and thus can only be achieved with other land uses, 
namely paddy or upland rice fields. On the other hand, for all land uses and ES there is always a risk of 
low outcomes, as demand may be low. Therefore, policies trying to optimize ES outcomes would 
need to consider spatial distributions of supply, demand and flow to make sure that the rural 
communities can indeed benefit from the relevant ES.
Model application using scenarios at regional and local scale
Applying the models through scenarios based on different land use and zoning settings, we found 
that at the regional level, the models predict few differences for either scenario (Figure 4), with 
agricultural expansion and intensification (R1) having slightly lower mean outcomes (3.08) than 
forest conservation and restoration (R2) (3.20). It can be noted that the outcome of R2 is very similar 
to the current situation, but it includes also larger areas of community forestry, which is always 
accompanied by training from the FD and NGOs and thus increases environmental education. 
Turning to the local perspective and a specific, rather homogenous, forest landscape, differences 
between the scenarios are much more accentuated. In a forested landscape, ES outcomes increase if 
CF is introduced (L1) (3.36) and decrease if forest is converted to croplands. While small-scale 
agriculture including rubber and mixed plantations (L2) still provides relatively high outcomes 
(3.14), the conversion to oil palm (L3) is more detrimental (2.37), especially in terms of cultural 
identity. Additionally, the comparison of all five scenarios shows that commercial products remain 
low except for L2, which indicates that especially at regional level, income for rural communities 
Figure 3. Ecosystem service outcome scores based on weighted average and underlying conditional probability distributions 
from Bayesian networks for Tanintharyi Region (land use distribution according to Connette et al. (2016) and for each land use 
separately.
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cannot be improved by steering land use and tenure alone. It is thus possible that investigating 
additional factors such as intensity of land use management or quality of processing practices would 
have a higher effect specifically for commercial outcomes.
These findings suggest that the models, as an approximation of the complex reality on the 
ground, can predict the impact of certain land use and zoning policies on ES outcomes more 
effectively at the local scale, which is less heterogeneous than the entire region. Demand, which 
has a high influence on outcomes, is difficult to account for at regional scale. The regional scenarios 
thus cannot respond to the question of whether supply meets demand. On the contrary, while 
regional-level land use decisions may have negligible effects on overall ES outcomes, local commu-
nities in specific areas may be highly impacted in terms of their livelihoods and well-being.
Discussion
In line with a previous review (Landuyt et al., 2013), we found the use of Bayesian networks highly 
suitable for modelling ES, particularly as our study is located in a data-scarce region (ibid) and 
involves different types of ES (Shaw et al., 2016). BN’s probability distributions indicate to what 
extent certain ES can be enhanced, which can be a useful basis for designing targeted intervention 
strategies. Compared to existing ES models (InVEST, ARIES), our models include a broad set of ES, 
which had been defined together with local stakeholders, and diverse (in particular many qualitative) 
factors contributing to ES outcomes. They thus provide a more detailed representation of local 
circumstances, actual demand and benefits for local communities. As the perspective was on these 
communities, our results did not account for the global relevance of some ES. But based on different 
actors’ contested objectives, scenarios can be defined in a participatory way and used to discuss 
different ES outcomes from potential policies and interventions. In Myanmar, such an application is a 
promising opportunity due to ongoing land reforms and the existence of a multi-stakeholder land 
platform (Bächtold et al., 2020).
According to Norton et al. (2016), larger-scale studies are useful for targeting action, especially 
when assessing several ES. However, when zooming in to smaller-scale landscapes, our models were 
able to predict ES outcomes in a more differentiated way. More extreme but rather unrealistic 
scenarios, such as the conversion of the entire forest complex into rubber plantations, may have 
led to more compelling results of ES impacts at regional level. Nonetheless, our findings suggest that 
Figure 4. Modelled ecosystem service outcome scores based on supply, demand and flow in two regional and three local 
scenarios in Tanintharyi Region.
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at regional level it is difficult to optimize ES outcomes based on land use and tenure factors alone, 
and demand cannot easily be steered with one single factor in our models. A spatially explicit 
representation of ES supply, demand and flow should thus come as a next step for applying the 
models. As suggested by Landuyt et al. (2013) and implemented in various studies, e.g., recently in 
Stritih et al. (2020), spatially explicit modelling through the combination of BN and geographic 
information systems also presents an opportunity for Tanintharyi Region for more targeted policy 
and interventions. As BNs can be updated and adjusted as soon as new information becomes 
available, it is possible to adjust the models to other areas of Myanmar or the wider region either 
by modifying relevant nodes and states or by updating CPTs. The expert model validation (Appendix 
V) serves as a reference for potential differences in other areas of Southeast Asia. Generally, the high 
conformity rate between BN and expert responses implies that the models are applicable in the 
wider region with slight adjustments. For example, experts with experience outside of Myanmar 
rated ES outcomes of oil palm slightly higher, which may result from better growing conditions 
(Saxon & Sheppard, 2014) or better inclusion of local communities. Further, some of the experts rated 
physical access as more relevant compared to the models, as infrastructure and road access are 
known to encourage the use of forest products and conversion from forest to croplands (Barber et al., 
2014). Improved physical access may have various more long-term impacts on supply, demand and 
flow ES. In the sparsely populated Tanintharyi Region, this is yet to be seen.
Overall, our study suggests that to optimize ES outcomes, several aspects of supply, demand and 
flow should be considered. Land use and actual product use being key factors that correspond to 
similar findings on ES indicators (Meacham et al., 2016; Schirpke et al., 2019). In contrast, these 
studies also point to zoning aspects as key indicator, which did not show in our results and implies a 
need for further investigation. Our models show that a large-scale conversion of forests to agriculture 
would not necessarily increase local revenues from commercial products. Instead, sustainable 
intensification to increase crop yields or measures to improve quality could be preferred options 
(Pretty & Bharucha, 2014). This would at the same time allow remaining forests to keep providing 
valuable ES bundles (Ahammad et al., 2019; Emerton & Aung, 2013). But while rubber, oil palm and 
paddy generally had more diverging ES outcomes than forests or mixed plantations, different types 
of agricultural practices need to be investigated more deeply to make a clear statement on their 
relevance for ES. Shifting cultivation as an integral part of secondary forest areas has not yet been 
sufficiently considered in other ES assessments. Complementary to studies documenting the role of 
shifting cultivation in rural livelihoods in Southeast Asia (Cairns, 2017; Dressler et al., 2017; Fox et al., 
2014), our results show that these secondary forest landscapes provide nearly the same amount of 
regulating services of intact forests and additionally contribute to subsistence foods. At the same 
time, shifting cultivation plots are often transformed by local land users into mixed plantations, 
which include betel nut, cashew, a variety of fruit trees and annual crops. They provide the 
commonly known benefits of agroforestry systems (such as improved agrobiodiversity, carbon 
sequestration or income diversification) and are crucial for rural people’s subsistence and income 
generation. Indeed, because it provides more subsistence and commercial products while retaining 
reasonable levels of regulating services, local people see agroforestry as a complementary or even 
better source of ES than forests (Feurer et al., 2019; Muhamad et al., 2014).
If the aim is to enhance ES outcomes for local communities, it seems crucial to consider land 
tenure and zoning. The apparent low sensitivity of the ‘institutional access’ factor stands in contrast 
to several studies documenting local communities’ constrained access to natural resources in 
protected areas (Pollard et al., 2014; TRIP NET, 2016) or agricultural concessions (Feurer et al., 2019; 
Thein et al., 2018; Woods, 2016) and the fact that improved land tenure security encourages 
sustainable management practices (Higgins et al., 2018). Although our ES models did not sufficiently 
account for that at regional scale, the local scenarios revealed that establishing CF may enhance 
overall ES outcomes, whereas transferring land to a company negatively affects rural communities’ 
benefits from these lands. Recognizing the administrative hurdles and multiple stakeholder claims 
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on land (Lundsgaard-Hansen et al., 2018), it seems nonetheless a viable option to improve land 
registration processes, issue more land certificates to local land users and allocate additional CF.
As we found demand factors to be highly relevant for ES outcomes, efforts to enhance supply 
need to consider demand in the respective locations. Spatially explicit modelling can help to identify 
supply/demand (mis)matches and devise targeted intervention strategies. For the forestry sector, 
this effectively means that strict forest conservation measures should be complemented with local 
forest use where feasible. For example, near villages CF may be the best option, whereas in remote 
areas nature reserves can protect primary forests from agricultural conversion and ensure regulating 
ES for downstream users. Alternatively, promoting valorisation of selected forest products may be 
crucial for long-term ES outcomes where forest-dependent communities are present (Gritten et al., 
2015). In Tanintharyi’s coastal area, clear policies need to be established and enforced to protect 
remaining mangroves and support rehabilitation in selected sites in order to secure the valuable ES 
bundles provided by them, as shown in our results. For the agricultural sector, investments should 
consider areas with high population density and good access to markets to ensure flow and demand. 
While our scenarios support other studies in the assumption that any form of concession will reduce 
ES outcomes for local stakeholders (Baird & Fox, 2015; Kenney-Lazar, 2012), it should be mentioned 
that oil palm production in Tanintharyi is currently not even profitable for investors (Saxon & 
Sheppard, 2014) and more diverse landscape trajectories should be considered.
Conclusions
This study presented an ecosystem service modelling approach using Bayesian networks and 
considering multiple supply, demand and flow factors. We determined that land use has the highest 
impact on multiple ES and suggests that further decisive factors are land tenure and demand for 
natural resources, in particular for local stakeholders. Using scenarios, we found that differences in ES 
outcomes from changes in land use and land tenure are much more pronounced in a homogenous 
(local) landscape than at regional scale in the present context of Tanintharyi Region. In a forest 
landscape, overall ES outcomes increased with the introduction of community forestry but 
decreased with the expansion of small-scale agriculture. The ‘oil palm concession’ scenario, on the 
other hand, had particularly negative effects on local communities’ livelihoods and cultural identity. 
Thus, while forests are important sources of ES, agricultural land uses, especially mixed tree crop 
plantations, can be equally or more beneficial where rural communities depend on those products 
for income generation. In existing croplands, sustainable intensification and product quality 
improvements could improve livelihoods further. We conclude by suggesting that the new ES 
models are land use science tools with considerable potential to inform policymaking. In view of 
the ongoing land reform processes in Myanmar, such models could play a critical role in multi- 
stakeholder platforms by facilitating discussions on contested issues and different scenario out-
comes. Overall, the consideration of spatial scales is crucial when applying the models. In a next step 
we recommend applying the models in a spatially explicit manner, which will allow the identification 
of supply/demand mismatches at the regional level. This – and considering access factors – would 
enable more targeted policies and interventions to be designed for enhanced ES outcomes and, 
finally, the sustainable development of a forest frontier landscape.
Acknowledgments
This study contributes to the objectives of the Global Land Programme (https://glp.earth) and is supported by the Swiss 
Programme for Research on Global Issues for Development (r4d programme). We acknowledge the valuable technical 
exchange with researchers and staff of the OneMap Myanmar project, representatives of Myanmar’s Forest Department, 
non-governmental and civil society organizations including RECOFTC, FFI, WWF and others, and the scientific experts. 
We thank the local authorities, who supported the work, and the village leaders, who facilitated the process of data 
collection. In particular, we want to express our deep gratitude to the communities across Tanintharyi Region for their 
time and active exchange. We are further grateful to the teams of OneMap Myanmar and ECCSi for organizing the 
68 M. FEURER ET AL.
fieldwork and to Aung Myin Htun for his support in data collection. Lastly, we appreciate the attentive editing work of 
Tina Hirschbuehl and the constructive comments of the anonymous reviewers.
Disclosure statement
The authors declare no conflict of interest.
Funding
This research is part of the research project ‘Managing telecoupled landscapes for the sustainable provision of 
ecosystem services and poverty alleviation’ supported by the Swiss programme for research on global issues for 
development (R4D Programme); funded by the Swiss National Science Foundation (SNSF) and the Swiss Agency for 
Development and Cooperation (SDC), [grant number 400440 152167].
ORCID
Melanie Feurer http://orcid.org/0000-0002-7955-684X
Julie Gwendolin Zaehringer http://orcid.org/0000-0002-3253-5128
Andreas Heinimann http://orcid.org/0000-0001-8905-8169
References
Aguilera, P.A., Fernández, A., Fernández, R., Rumí, R., & Salmerón, A. (2011). Bayesian networks in environmental 
modelling. Environmental Modelling and Software, 26(12), 1376–1388. https://doi.org/10.1016/j.envsoft.2011.06.004
Ahammad, R., Stacey, N., & Sunderland, T.C.H. (2019). Use and perceived importance of forest ecosystem services in rural 
livelihoods of Chittagong Hill Tracts, Bangladesh. Ecosystem Services, 35, 87–98. https://doi.org/10.1016/j.ecoser.2018. 
11.009
Bächtold, S., Bastide, J., & Lundsgaard-Hansen, L. (2020). Assembling drones, activists and oil palms: Implications of a 
multi-stakeholder land platform for state formation in Myanmar. The European Journal of Development Research, 32 
(2), 359–378. https://doi.org/10.1057/s41287-020-00267-y
Bagstad, K.J., Semmens, D.J., Waage, S., & Winthrop, R. (2013). A comparative assessment of decision-support tools for 
ecosystem services quantification and valuation. Ecosystem Services, 5, 27–39. https://doi.org/10.1016/j.ecoser.2013. 
07.004
Baird, I., & Fox, J. (2015). How land concessions affect places elsewhere: Telecoupling, political ecology, and large-scale 
plantations in Southern Laos and Northeastern Cambodia. Land, 4(2), 436–453. https://doi.org/10.3390/land4020436
Barber, C.P., Cochrane, M.A., Souza, C.M., & Laurance, W.F. (2014). Roads, deforestation, and the mitigating effect of 
protected areas in the Amazon. Biological Conservation, 177, 203–209. https://doi.org/10.1016/j.biocon.2014.07.004
Bhagwat, T., Hess, A., Horning, N., Khaing, T., Thein, Z.M., Aung, K.M., Aung, K.H., Phyo, P., Tun, Y.L., Oo, A.H., Neil, A., Thu, 
W.M., Songer, M., LaJeunesse Connette, K., Bernd, A., Huang, Q., Connette, G., & Leimgruber, P. (2017). Losing a jewel- 
Rapid declines in Myanmar’s intact forests from 2002–2014. PloS One, 12(5), e0176364. https://doi.org/10.1371/ 
journal.pone.0176364
Bhat, D.M., Murali, K.S., & Ravindranath, N.H. (2003). Carbon stock dynamics in the tropical rain forests of the Uttara 
Kannada district, Western Ghats, India. International Journal of Environment and Pollution, 19 (2),Article 3746, 139. 
https://doi.org/10.1504/IJEP.2003.003746
BirdLife International. (2010). The world database of key biodiversity areas. Developed by the KBA Partnership: BirdLife 
International, International Union for the Conservation of Nature, Amphibian Survival Alliance, Conservation 
International, Critical Ecosystem Partnership Fund, Global Environment Facility, Global Wildlife Conservation, 
NatureServe, Rainforest Trust, Royal Society for the Protection of Birds, Wildlife Conservation Society and World 
Wildlife Fund. www.keybiodiversityareas.org
Burkhard, B., & Maes, J. (Eds.). (2017). Mapping ecosystem services. Pensoft Publishers.
Cairns, M. (Ed.). (2017). Shifting cultivation policies: Balancing environmental and social sustainability. CAB International.
Connette, G., Oswald, P., Songer, M., & Leimgruber, P. (2016). Mapping distinct forest types improves overall forest 
identification based on multi-spectral landsat imagery for Myanmar’s Tanintharyi Region. Remote Sensing, 8(11), 882. 
https://doi.org/10.3390/rs8110882
Dade, M.C., Mitchell, M.G.E., McAlpine, C.A., & Rhodes, J.R. (2019). Assessing ecosystem service trade-offs and synergies: 
The need for a more mechanistic approach. Ambio, 48(10), 1116–1128. https://doi.org/10.1007/s13280-018-1127-7
JOURNAL OF LAND USE SCIENCE 69
Dang, K. B., Windhorst, W., Burkhard, B., & Müller, F. (2019). A bayesian belief network – Based approach to link 
ecosystem functions with rice provisioning ecosystem services. Ecological Indicators, 100, 30–44. https://doi.org/10. 
1016/j.ecolind.2018.04.055
de Alban, J. Prescott, G., Woods, K., Jamaludin, J., Latt, K., Lim, C., Maung, A., & Webb, E. (2019). Integrating analytical 
frameworks to investigate land-cover regime shifts in dynamic landscapes. Sustainability, 11(4), 1139. https://doi.org/ 
10.3390/su11041139
DOM. (2015). MEITI.
Donato, D.C., Kauffman, J.B., Murdiyarso, D., Kurnianto, S., Stidham, M., & Kanninen, M. (2011). Mangroves among the 
most carbon-rich forests in the tropics. Nature Geoscience, 4(5), 293–297. https://doi.org/10.1038/ngeo1123
DOP. (2014). The population and housing census of Myanmar, 2014 (Summary of the provisional results). Government of 
Myanmar, Department of Population.https://dop.gov.mm/sites/dop.gov.mm/files/publication_docs/census_main_ 
report_union_-_english_2.pdf
Dressler, W.H., Wilson, D., Clendenning, J., Cramb, R., Keenan, R., Mahanty, S., Bruun, T.B., Mertz, O., & Lasco, R.D. (2017). 
The impact of swidden decline on livelihoods and ecosystem services in Southeast Asia: A review of the evidence 
from 1990 to 2015. Ambio, 46(3), 291–310. https://doi.org/10.1007/s13280-016-0836-z
Emerton, L., & Aung, Y.M. (2013). The economic value of forest ecosystem services in Myanmar and options for sustainable 
financing. International Management Group.
FAO. (1995). Pollination of cultivated plants in the tropics (FAO agricultural services bulletin no. 118). FAO. http://www. 
fao.org/3/a-v5040e.pdf
FAO. (2007). FAO digital soil map of the world V 3.6. FAO. https://opendevelopmentmyanmar.net/dataset/?id=greater- 
mekong-subregion-soil-types&search_query=P3BhZ2U9NyZ0eXBlPWRhdGFzZXQmdGF4b25vbXk9Y 
WxsJmxhbmd1YWdlJTVCMCU1RD1lbiZzb3J0aW5nPXNjb3JlJnF1ZXJ5
Feurer, M., Heinimann, A., Schneider, F., Jurt, C., Myint, W., & Zaehringer, J.G. (2019). Local Perspectives on Ecosystem 
Service Trade-Offs in a Forest Frontier Landscape in Myanmar. Land, 8(3), 45. https://doi.org/10.3390/land8030045
Fox, J., Castella, J.-C., & Ziegler, A.D. (2014). Swidden, rubber and carbon: Can REDD+ work for people and the 
environment in Montane Mainland Southeast Asia? Global Environmental Change, 29, 318–326. https://doi.org/10. 
1016/j.gloenvcha.2013.05.011
Grêt-Regamey, A., Brunner, S. H., Altwegg, J., & Bebi, P. (2013). Facing uncertainty in ecosystem services-based resource 
management. Journal of Environmental Management, 127 Suppl, S145–S154. https://doi.org/10.1016/j. 
jenvman.2012.07.028
Gritten, D., Greijmans, M., Lewis, S., Sokchea, T., Atkinson, J., Quang, T., Poudyal, B., Chapagain, B., Sapkota, L., Mohns, B., 
& Paudel, N. (2015). An uneven playing field: Regulatory barriers to communities making a living from the timber 
from their forests–examples from Cambodia, Nepal and Vietnam. Forests, 6(12), 3433–3451. https://doi.org/10.3390/ 
f6103433
Groot, R.S., De Wilson, M.A., & Boumans, R.M.J. (2002). A typology for the classification, description and valuation of 
ecosystem functions, goods and services. Ecological Economics, 41(3), 393–408. https://doi.org/10.1016/S0921-8009 
(02)00089-7
Groot, R.S., De, Alkemade, R., Braat, L., Hein, L., & Willemen, L. (2010). Challenges in integrating the concept of ecosystem 
services and values in landscape planning, management and decision making. Ecological Complexity, 7(3), 260–272. 
https://doi.org/10.1016/j.ecocom.2009.10.006
Haines-Young, R., & Potschin, M. (2018). Common international classification of ecosystem services (CICES), Version 5.1: 
Guidance on the application of the revised structure. https://cices.eu/content/uploads/sites/8/2018/01/Guidance-V51- 
01012018.pdf
Higgins, D., Balint, T., Liversage, H., & Winters, P. (2018). Investigating the impacts of increased rural land tenure security: 
A systematic review of the evidence. Journal of Rural Studies, 61, 34–62. https://doi.org/10.1016/j.jrurstud.2018.05. 
001
Kenney-Lazar, M. (2012). Plantation rubber, land grabbing and social-property transformation in southern Laos. The 
Journal of Peasant Studies, 39(3–4), 1017–1037. https://doi.org/10.1080/03066150.2012.674942
Kjærulff, U.B., & Madsen, A.L. (2008). Bayesian networks and influence diagrams. Springer. https://doi.org/10.1007/978-0- 
387-74101-7
Kleemann, J., Celio, E., & Fürst, C. (2018). Reprint of “Validation approaches of an expert-based Bayesian belief network in 
northern Ghana, West Africa”. Ecological Modelling, 371, 101–118. https://doi.org/10.1016/j.ecolmodel.2017.12.021
Kongsager, R., Napier, J., & Mertz, O. (2013). The carbon sequestration potential of tree crop plantations. Mitigation and 
Adaptation Strategies for Global Change, 18(8), 1197–1213. https://doi.org/10.1007/s11027-012-9417-z
LaJeunesse Connette, K., Connette, G., Bernd, A., Phyo, P., Aung, K., Tun, Y., Thein, Z., Horning, N., Leimgruber, P., & 
Songer, M. (2016). Assessment of mining extent and expansion in Myanmar based on freely-available satellite 
imagery. Remote Sensing, 8(11), 912. https://doi.org/10.3390/rs8110912
Landuyt, D., Broekx, S., D’hondt, R., Engelen, G., Aertsens, J., & Goethals, P.L.M. (2013). A review of Bayesian belief 
networks in ecosystem service modelling. Environmental Modelling and Software, 46, 1–11. https://doi.org/10.1016/j. 
envsoft.2013.03.011
70 M. FEURER ET AL.
Law, E.A., Bryan, B.A., Meijaard, E., Mallawaarachchi, T., Struebig, M.J., Watts, M.E., Wilson, K.A., & Mori, A. (2017). Mixed 
policies give more options in multifunctional tropical forest landscapes. Journal of Applied Ecology, 54(1), 51–60. 
https://doi.org/10.1111/1365-2664.12666
Lundsgaard-Hansen, L., Schneider, F., Zaehringer, J., Oberlack, C., Myint, W., & Messerli, P. (2018). Whose agency counts 
in land use decision-making in Myanmar? A comparative analysis of three cases in Tanintharyi region. Sustainability, 
10(10), 3823. https://doi.org/10.3390/su10103823
Mace, G.M., Norris, K., & Fitter, A.H. (2012). Biodiversity and ecosystem services: A multilayered relationship. Trends in 
Ecology & Evolution, 27(1), 19–26. https://doi.org/10.1016/j.tree.2011.08.006
McVittie, A., Norton, L., Martin-Ortega, J., Siameti, I., Glenk, K., & Aalders, I. (2015). Operationalizing an ecosystem 
services-based approach using Bayesian Belief Networks: An application to riparian buffer strips. Ecological 
Economics, 110, 15–27. https://doi.org/10.1016/j.ecolecon.2014.12.004
MEA. (2005). Ecosystems and human well-being: Synthesis/a report of the millenium ecosystem assessment. Millennium 
ecosystem assessment. Island Press. http://www.millenniumassessment.org/documents/document.356.aspx.pdf
Meacham, M., Queiroz, C., Norström, A.V., & Peterson, G.D. (2016). Social-ecological drivers of multiple ecosystem 
services: What variables explain patterns of ecosystem services across the Norrström drainage basin? Ecology and 
Society, 21(1), 1. https://doi.org/10.5751/ES-08077-210114
MIMU. (2020). MIMU geonode: Explore layers. http://geonode.themimu.info/layers/?limit=100&offset=0
Mouchet, M.A., Lamarque, P., Martín-López, B., Crouzat, E., Gos, P., Byczek, C., & Lavorel, S. (2014). An interdisciplinary 
methodological guide for quantifying associations between ecosystem services. Global Environmental Change, 28, 
298–308. https://doi.org/10.1016/j.gloenvcha.2014.07.012
Muhamad, D., Okubo, S., Harashina, K., Parikesit, P., Gunawan, B., & Takeuchi, K. (2014). Living close to forests enhances 
people׳s perception of ecosystem services in a forest–agricultural landscape of West Java, Indonesia. Ecosystem 
Services, 8, 197–206. https://doi.org/10.1016/j.ecoser.2014.04.003
NASA/METI/AIST/Japan Spacesystems, U.S./Japan ASTER Science Team. (2001). ASTER DEM product [Data set]. NASA 
EOSDIS Land Processes DAAC. https://doi.org/10.5067/ASTER/AST14DEM.003
Nomura, K., Mitchard, E.T.A., Patenaude, G., Bastide, J., Oswald, P., & Nwe, T. (2019). Oil palm concessions in southern 
Myanmar consist mostly of unconverted forest. Scientific Reports, 9(1), 1–9. https://doi.org/10.1038/s41598-019- 
48443-3
Norton, L., Greene, S., Scholefield, P., & Dunbar, M. (2016). The importance of scale in the development of ecosystem 
service indicators? Ecological Indicators, 61, 130–140. https://doi.org/10.1016/j.ecolind.2015.08.051
Okoli, C., & Pawlowski, S.D. (2004). The Delphi method as a research tool: An example, design considerations and 
applications. Information & Management, 42(1), 15–29. https://doi.org/10.1016/j.im.2003.11.002
Olander, L.P., Johnston, R.J., Tallis, H., Kagan, J., Maguire, L.A., Polasky, S., Urban, D., Boyd, J., Wainger, L., & Palmer, M. 
(2018). Benefit relevant indicators: Ecosystem services measures that link ecological and social outcomes. Ecological 
Indicators, 85, 1262–1272. https://doi.org/10.1016/j.ecolind.2017.12.001
OneMap Myanmar (OMM). (2018). Community forests: Shapefile. Unpublished.
Pandeya, B., Buytaert, W., Zulkafli, Z., Karpouzoglou, T., Mao, F., & Hannah, D.M. (2016). A comparative analysis of 
ecosystem services valuation approaches for application at the local scale and in data scarce regions. Ecosystem 
Services, 22, 250–259. https://doi.org/10.1016/j.ecoser.2016.10.015
Pollard, E., Hlaing, S.W., & Pilgrim, J. (2014). Review of the Tanintharyi nature reserve project as a conservation model in 
Myanmar. Cambridge, UK. The Biodiversity Consultancy. https://myanmarbiodiversity.org/wp-content/uploads/ 
2016/02/2014-Review-of-the-Taninthayi-Nature-Reserve-Project-25OCT2014Final.pdf
Pollino, C.A., Woodberry, O., Nicholson, A., Korb, K., & Hart, B.T. (2007). Parameterisation and evaluation of a Bayesian 
network for use in an ecological risk assessment. Environmental Modelling and Software, 22(8), 1140–1152. https://doi. 
org/10.1016/j.envsoft.2006.03.006
Potapov, P., Hansen, M.C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies, C., Smith, W., Zhuravleva, I., Komarova, A., 
Minnemeyer, S., & Esipova, E. (2017). The last frontiers of wilderness: Tracking loss of intact forest landscapes from 
2000 to 2013. Science Advances, 3(1), e1600821. https://doi.org/10.1126/sciadv.1600821
Potschin, M., Haines-Young, R., Fish, R., & Turner, R.K. (Eds.). (2016). Routledge handbooks. Routledge handbook of 
ecosystem services. Routledge.
Pretty, J., & Bharucha, Z.P. (2014). Sustainable intensification in agricultural systems. Annals of Botany, 114(8), 1571–1596. 
https://doi.org/10.1093/aob/mcu205
Saad, R., Koellner, T., & Margni, M. (2013). Land use impacts on freshwater regulation, erosion regulation, and water 
purification: A spatial approach for a global scale level. The International Journal of Life Cycle Assessment, 18(6), 1253– 
1264. https://doi.org/10.1007/s11367-013-0577-1
Saxon, E.C., & Sheppard, S.M. (2014). Land suitability for oil palm in Southern Myanmar. Working paper no. 1. Fauna and 
Flora International. https://data.opendevelopmentmekong.net/dataset/28dce25e-6859-48d7-a067-4f609855ecd5/ 
resource/8b16ed2f-85d2-4c5f-82dc-e6929293068c/download/Working-Paper-01-Oil-Palm-Suitability-in-South- 
Myanmar-July-2014-1.pdf
JOURNAL OF LAND USE SCIENCE 71
Schirpke, U., Candiago, S., Egarter Vigl, L., Jäger, H., Labadini, A., Marsoner, T., Meisch, C., Tasser, E., & Tappeiner, U. (2019). 
Integrating supply, flow and demand to enhance the understanding of interactions among multiple ecosystem 
services. Science of the Total Environment, 651, 928–941. https://doi.org/10.1016/j.scitotenv.2018.09.235
Schmid, M. (2018). Mapping changes of land systems from 2002 to 2016 in Tanintharyi region, Myanmar: An application of 
the landscape mosaic approach [Master’s thesis]. Bern University.
Schröter, M., Albert, C., Marques, A., Tobon, W., Lavorel, S., Maes, J., Brown, C., Klotz, S., & Bonn, A. (2016). National 
ecosystem assessments in Europe: A review. BioScience, 66(10), 813–828. https://doi.org/10.1093/biosci/biw101
Schröter, M., Koellner, T., Alkemade, R., Arnhold, S., Bagstad, K.J., Erb, K.-H., Frank, K., Kastner, T., Kissinger, M., Liu, J., 
López-Hoffman, L., Maes, J., Marques, A., Martín-López, B., Meyer, C., Schulp, C.J.E., Thober, J., Wolff, S., & Bonn, A. 
(2018). Interregional flows of ecosystem services: Concepts, typology and four cases. Ecosystem Services, 31, 231–241. 
https://doi.org/10.1016/j.ecoser.2018.02.003
Sharp, R., Douglass, J., Wolny, S., Arkema, K., Bernhardt, J., Bierbower, W., Chaumont, N., Denu, D., Fisher, D., Glowinski, K., 
Griffin, R., Guannel, G., Guerry, A., Johnson, J., Hamel, P., Kennedy, C., Kim, C. K., Lacayo, M., Lonsdorf, E., Mandle, L., et 
al. (2020). InVEST 3.8.9.post13+ug.ga74679f user's guide. https://storage.googleapis.com/releases.naturalcapitalpro-
ject.org/invest-userguide/latest/index.html
Sharps, K., Masante, D., Thomas, A., Jackson, B., Redhead, J., May, L., Prosser, H., Cosby, B., Emmett, B., & Jones, L. (2017). 
Comparing strengths and weaknesses of three ecosystem services modelling tools in a diverse UK river catchment. 
The Science of the Total Environment, 584–585, 118–130. https://doi.org/10.1016/j.scitotenv.2016.12.160
Shaw, E., Kumar, V., Lange, E., & Lerner, D.N. (2016). Exploring the utility of Bayesian networks for modelling cultural 
ecosystem services: A canoeing case study. Science of the Total Environment, 540, 71–78. https://doi.org/10.1016/j. 
scitotenv.2015.08.027
Smith, R. I., Barton, D. N., Dick, J., Haines-Young, R., Madsen, A. L., Rusch, G. M., Termansen, M., Woods, H., Carvalho, L., 
Giucă, R. C., Luque, S., Odee, D., Rusch, V., Saarikoski, H., Adamescu, C. M., Dunford, R., Ochieng, J., Gonzalez-Redin, J., 
Stange, E., et al. (2018). Operationalising ecosystem service assessment in Bayesian Belief Networks: Experiences 
within the OpenNESS project. Ecosystem Services, 29, 452–464. https://doi.org/10.1016/j.ecoser.2017.11.004
Stritih, A., Bebi, P., & Grêt-Regamey, A. (2018). Quantifying uncertainties in earth observation-based ecosystem service 
assessments. Environmental Modelling & Software. Advance online publication. https://doi.org/10.1016/j.envsoft. 
2018.09.005
Stritih, A., Rabe, S.-E., Robaina, O., Grêt-Regamey, A., & Celio, E. (2020). An online platform for spatial and iterative 
modelling with Bayesian networks. Environmental Modelling and Software, 127, 104658. https://doi.org/10.1016/j. 
envsoft.2020.104658
Tenasserim River and Indigenous People Network (TRIP NET). 2016. We will manage our own natural resources: Karen 
indigenous people in Kamoethway demonstrate the importance of local solutions and community-driven conservation. 
TRIP NET.
Thein, S., Diepart, J.-C., Moe, H., & Alleverdian, C. (2018). Large-scale land acquisitions for agricultural development in 
Myanmar: A review of past and current processes. Mekong Region Land Governance Thematic Study Series No. 9. 
Vientiane: MRLG. https://doi.org/10.13140/RG.2.2.20476.64647
UNHCR. (2015). Forced migration and the Myanmar peace process. Research Paper No. 274.
Vallecillo, S., La Notte, A., Zulian, G., Ferrini, S., & Maes, J. (2019). Ecosystem services accounts: Valuing the actual flow of 
nature-based recreation from ecosystems to people. Ecological Modelling, 392, 196–211. https://doi.org/10.1016/j. 
ecolmodel.2018.09.023
Vigerstol, K.L., & Aukema, J.E. (2011). A comparison of tools for modeling freshwater ecosystem services. Journal of 
Environmental Management, 92(10), 2403–2409. https://doi.org/10.1016/j.jenvman.2011.06.040
Villa, F., Bagstad, K.J., Voigt, B., Johnson, G.W., Portela, R., Honzák, M., & Batker, D. (2014). A methodology for adaptable 
and robust ecosystem services assessment. PloS One, 9(3), e91001. https://doi.org/10.1371/journal.pone.0091001
Villamagna, A.M., Angermeier, P.L., & Bennett, E.M. (2013). Capacity, pressure, demand, and flow: A conceptual frame-
work for analyzing ecosystem service provision and delivery. Ecological Complexity, 15, 114–121. https://doi.org/10. 
1016/j.ecocom.2013.07.004
van Vliet N, Mertz, O., Heinimann, A., Langanke, T., Pascual, U., Schmook, B., Adams, C., Schmidt-Vogt, D., Messerli, P., 
Leisz, S., Castella, J.-C., Jørgensen, L., Birch-Thomsen, T., Hett, C., Bech-Bruun, T., Ickowitz, A., Vu, K. C., Yasuyuki, K., Fox, 
J., & Ziegler, A. D. (2012). Trends, drivers and impacts of changes in swidden cultivation in tropical forest-agriculture 
frontiers: A global assessment. Global Environmental Change, 22(2), 418–429. https://doi.org/10.1016/j.gloenvcha. 
2011.10.009
Woods, K. (2016). Agribusiness and agro-conversion timber in Myanmar: Drivers of deforestation and land conflicts (Forest 
trade and finance). Forest Trends.
WorldClim. (2012). PPET. worldclim.org
Worldpop. (2013). Myanmar 100 m population. University of Southampton. https://doi.org/10.5258/SOTON/WP00181
Zaehringer, J.G., Lundsgaard-Hansen, L., Thein, T.T., Llopis, J.C., Tun, N.N., Myint, W., & Schneider, F. (2020). The cash crop 
boom in southern Myanmar: Tracing land use regime shifts through participatory mapping. Ecosystems and People, 
16(1), 36–49. https://doi.org/10.1080/26395916.2019.1699164
72 M. FEURER ET AL.
Appendix
Appendix I. Steps in model development
Phase (a) Defining model structures with nodes and states
For each model, the first step was to develop the structure, following the basic structure of the theoretical framework 
and using the Delphi-method (Okoli & Pawlowski, 2004). We first did a literature review and subsequent individual 
interviews with 15 experts from various institutions (including non-governmental organizations, civil society orga-
nizations, research institutions and governmental bodies) active in the study area. All selection criteria are detailed in 
Table A1.
After findings were consolidated into draft structures, a set of discrete states were defined for each node aiming for as 
many states as needed but as few as possible. For the parent nodes to ‘ES outcome’ we used an ordinary scale consisting 
of a scale from 1 to 5 for the nodes ‘ES supply’ and ‘ES demand’ and a scale from 1 to 3 for ‘ES flow’, which involves fewer 
options due to a lower number of input nodes. This allows for consistency across the nine models and makes them 
comparable at the level of supply, demand and flow. For nodes with available spatial data, states were defined 
according to the respective datasets after having prepared the geodata so that categories fit the desired content. For 
the other nodes, states were either defined by using recognized classifications (e.g., soil types) or combining informa-
tion from literature and expert interviews.
In the end, all nodes and states were verified in a second round of interviews with the above-mentioned experts as 
well as with representatives from two villages in the study area using the printed consolidated draft model structures as 
discussion material.
Phase (b) Populating and parameterizing CPTs
As a fourth step, we parameterized each model by filling in the CPTs and calibrating them in several rounds, using a 
variety of both secondary data (GIS layers, population census data, literature review) and primary data (interviews, 
survey, field observations) collected during a total of three months in the field between 2017 and 2020. For a total of 54 
root nodes (some repeating), available spatial data were compiled and processed into raster datasets with relevant 
states for the respective nodes using ArcGIS. For each dataset, the states’ distribution across Tanintharyi Region was 
calculated and inserted as probability distribution for the corresponding root nodes. For intermediary nodes, three 
types were distinguished depending on the availability and quality of secondary data. The first type (n = 20) was based 
on township-level census data and CPTs were populated according to the distribution in the corresponding parent 
node ‘township’, which is spatially explicit. The second type (n = 27) had good literature information which determined 
the probability distributions. For the third type (n = 105) we used triangulated information from field observations, key 
informant interviews and reflections stemming from a comprehensive literature review as a basis to elicit rules for 
populating CPTs. Key informants included the same 15 experts from local institutions who were interviewed regarding 
the model structure. The interviews took place during three weeks in 2019. The elicited rules included shifts between 
classes of either 10%, 25% or 50% depending on the parent nodes. These were found to be most suitable for handling 
uncertainties according to experts. All rules are found in Appendix III. After the first parameterization, all intermediary 
Table A1. Selection criteria for interviews with local stakeholders (n = 15).
Selection criteria Number of interviewees
Institutional diversity 3 government representatives: Forest Department (FD), Environmental 
Conservation Department (ECD), Tanintharyi Nature Reserve Project (TNRP) 
1 Karen National Union (KNU) 
4 non-governmental and civil society organizations: 3x Worldwide Fund for 
Nature (WWF), 2x The Center for People and Forests (RECOFTC), Wildlife 
Conservation Society (WCS), Flora & Fauna International (FFI), 
3 research institutions: 2x Onemap Myanmar (OMM), Dawei Research Association 
(DRA), Environmental Care and Community Security Institute (ECCSi)
Tanintharyi Region knowledge 11 interviewees based in Dawei 
1 interviewee based in Yebyu 
1 interviewee based in Myeik 
2 interviewees based in Yangon with working experience in Tanintharyi
Position with good institutional overview 
and close to communities
5 heads or assistant heads of (local) institution 
7 project leaders 
3 field assistants
Cultural knowledge 13 Burmese 
1 Foreign national with > 5 years working experience in Myanmar 
1 Foreign national with < 2 years working experience in Myanmar
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nodes were assessed according to the authors’ confidence in them and they were subjected to a first sensitivity analysis 
in Netica. Nodes with a high sensitivity to ES outcome (mutual information ≥ 0.01) and a low authors’ confidence were 
selected for calibration to improve the soundness of the CPTs and, consequently, the predictive accuracy of the models. 
Calibration was done through a household survey (n = 40) with a standardized questionnaire to ask about the most 
probable states for the respective nodes. An example question was ‘Do you trust in herbal medicine?’ A total of 40 
household heads from seven different villages in three townships participated in the survey. The distribution of 
responses (in the example 93% yes and 7% no) was set as conditional probability for the respective node. For the 
nine end nodes (‘ES outcome’), rules were compiled to populate the CPTs based on triangulation between existing ES 
concepts and a standardized survey with 12 additional scientific ES experts. The experts were asked ‘What is the most 
likely ES outcome on a scale from 1 (lowest) to 5 (highest) if ES supply has state X, ES flow state Y and ES demand state 
Z?’ The updated ‘outcome’ rules, valid for all ES, are:
● Range of outcome = Range of the values of ‘supply’, ‘flow’, ‘demand’ (min – max)
● ES outcome = mean of ‘supply’, ‘demand’ and ‘flow’
● Accounting for uncertainty: 25% higher (if.00 or.75) and 25% lower (if.00 or.25)
● Accounting for ‘no’ values: 10% lower if no ‘supply’, ‘demand’ or ‘flow’
● Accounting for expert estimations: 10% lower (all)
Figure A1 describes the process of populating CPTs for different types of nodes.
Phase (c) Validating final models
As a final step, we used two validation approaches. As suggested and described by Kleemann et al. (2018), we 
applied the extreme-condition test checking model outputs given most extreme inputs to confirm the operational 
validity of each parameterized model. Then the models underwent a face validity test (Kleemann et al., 2018) with 
the 12 ES experts who are also familiar with natural resource use in the Southeast Asian context. Based on a 
standardized survey including pictures of the model structures, the experts had to rate the supply, demand and 
flow for each ES based on the direct parent nodes or, where needed for contextual reasons, the parent nodes to 
those. Combining all expert responses, probabilities and means for the states of supply, demand and flow were 
calculated for each ES and compared to the probabilities and weighted averages calculated from the models. 
Results are depicted in Appendix V.
Figure A1. Flow chart of processes involved in populating probability tables for root nodes and CPTs for intermediary and end 
nodes 
CPT = Conditional probability table; ES = Ecosystem services; GIS = Geographic information systems
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Appendix II. Model structures
Figure A2. Model structure for ES ‘subsistence foods’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; 
prepared in Netica).
Figure A3. Model structure for ES ‘commercial products’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; 
prepared in Netica).
Figure A4. Model structure for ES ‘fuelwood’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; prepared in 
Netica).
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Figure A5. Model structure for ES ‘medicinal plants’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; prepared 
in Netica).
Figure A6. Model structure for ES ‘biodiversity’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; prepared in 
Netica).
Figure A7. Model structure for ES ‘climate regulation’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; 
prepared in Netica).
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Figure A8. Model structure for ES ‘water regulation’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; prepared 
in Netica).
Figure A9. Model structure for ES ‘environmental education’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; 
prepared in Netica).
Figure A10. Model structure for ES ‘cultural identity’ (green = supply nodes, yellow = flow nodes, blue = demand nodes; 
prepared in Netica).
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Appendix IV. Questionnaire for household survey
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Appendix V. Validation process
Based on a standardized survey including pictures of the model structures, the twelve experts had to rate, on a scale 
from 1 to 5, the supply and demand and, on a scale from 2 to 4, the flow of each ES based on the direct parent nodes or, 
where needed for contextual reasons, the nodes above. Table A3 below is a summary of the differences (in %) found 
between the models and the expert responses. We calculated the differences by comparing the mean ratings of the 
experts with the weighted average of model output probabilities.
Appendix VI. Input variables and data sources
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